Cardiac glycosides are Na + /K + -ATPases inhibitors used to treat congestive heart failure and cardiac arrhythmias. Epidemiological studies indicate that patients on digitalis therapy are more protected from cancer. Evidence of a selective cytotoxicity against cancer cells has suggested their potential use as anticancer drugs. The effect on angiogenesis of clinically used cardiac glycosides has not been extensively explored.
Introduction
The cardiac glycosides, digoxin, digitoxin and ouabain, have been used to treat congestive heart failure and cardiac arrhythmias. Cardiac effects of this class of drugs have been related to the inhibition of Na+/K+-ATPases (also known as the sodium pump) that leads to an increase of intracellular Na + , which in turn induces higher levels of intracellular Ca 2+ (Smith, 1988) . Digoxin and digitoxin are still used worldwide, with a predominant use of digoxin because of its faster elimination (t 1/2 36-48 h for digoxin and 7 days for digitoxin in patients with normal renal function), which is advantageous in case of drug intoxication. Cardiac glycosides have, in fact, a narrow therapeutic window: plasma therapeutic concentrations are 0.5-2 ng·mL À1 (0.6-2.5 nM) for digoxin and 10-30 ng·mL À1 (10-40 nM) for digitoxin, while toxic effects have been reported at plasma concentrations of >2 and >39 ng·mL À1 for digoxin and digitoxin respectively (Belz et al., 2001; Ehle et al., 2011) . At present, ouabain is mostly used as a research tool, but in the past, it was clinically employed for prevention and treatment of acute heart attacks, left ventricular insufficiencies, angina and digoxin intoxication (Fürstenwerth, 2010) . Besides the well-known cardiac effects, a large number of studies carried out mainly in cancer cells show that cardiac glycosides affect several cellular processes, including cell survival or death, differentiation, proliferation and migration, with mechanisms that are unrelated to pump inhibition (Schoner and Scheiner-Bobis, 2007) . In fact, it has been demonstrated that binding of cardiac glycosides to a pool of Na + /K + -ATPases localized in caveolae causes conformational changes to neighbouring proteins, leading to the activation of multiple signalling cascades. This evidence indicates that, besides its pumping function, Na + /K + -ATPases act as a signal transducer in a protein complex that has been called the Na + /K + -ATPase signalosome (Pierre and Xie, 2006) . Interestingly, many cardiac glycosides in nanomolar concentrations (not leading to calcium overload) show a selective cytotoxic and antiproliferative effect against cancer cells, suggesting their use in anticancer therapy (Newman et al., 2008; Prassas and Diamandis, 2008; Cerella et al., 2013; Trenti et al., 2014) . The potential repositioning of these drugs is supported by epidemiological data reporting that patients who have received digitalis therapy are more protected from some types of malignancies such as breast, lymphoma/leukaemia and prostate/urinary cancers (Stenkvist, 1999; Haux et al., 2001; Menger et al., 2013; Shim and Liu, 2014) . Angiogenesis is the process of formation of new blood vessels through vessel sprouting from pre-existing ones (Potente et al., 2011) . It is essential for physiological events, such as organ growth and repair, but its imbalance contributes to numerous malignant disorders including cancer (Carmeliet, 2005) . Angiogenesis plays an important role in tumour growth, invasion and metastasis, by providing nutrients, oxygen and growth factors to the growing tumour mass, facilitating the removal of metabolic wastes and allowing the spread of cancer cells through the circulation. For these reasons in the last years, angiogenesis has become a therapeutic target for cancer treatment. Evidence of the effect of clinically used cardiac glycosides on angiogenesis is scarce and mostly focused on the production of pro-angiogenic factors by cancer cells. In fact, it has been demonstrated that digoxin inhibits hypoxia-inducible factor 1α (HIF-1α) transcriptional activity in hypoxic tumour cells or retinal epithelial cells, thus reducing the production of growth factors, in particular VEGF, necessary to stimulate the angiogenic process (Zhang et al., 2008; Yoshida et al., 2010) . Accordingly, inhibition of HIF-1α and blood vessel formation by digoxin has been shown in mice (Gayed et al., 2012) . Furthermore, a recent study has shown that ouabain inhibits the HIF-1α pathway in placental cytotrophoblasts, leading to a decrease of fms-like tyrosine kinase 1 (sFlt1), a soluble version of the VEGF receptor that is abnormally increased in preeclampsia (Rana et al., 2014) . Besides this evidence, ouabain activates signalling pathways in endothelial cells (such as PI3K-Akt and ERK) that promote cell survival or proliferation Eva et al., 2006) , suggesting a potential proangiogenic activity. On the other hand, bufadienolides (bufalin and arenobufagin), another group of cardiac glycosides contained in toad venom and used in traditional Chinese medicine to treat cancer, have shown a direct antiangiogenic action on endothelial cells (Lee et al., 1997; Li et al., 2012) . Based on these data, we studied the effect of clinically used cardiac glycosides on human endothelial cells, in terms of their proliferation, migration and differentiation into capillary-like structures, three key events in the angiogenic process. We also performed studies using an in vivo angiogenesis model. Then we explored the signalling proteins involved, in particular those activated by the Na + /K + -ATPase signalosome, such as Src kinase, Akt and ERK, and those linked to angiogenesis, such as protein tyrosine kinase 2, previously known as focal adhesion kinase (FAK). Our results show for the first time the inhibition of angiogenesis and FAK activation by digitoxin at concentrations within its plasma therapeutic range.
Methods
Cell culture HUVEC isolation and culture. HUVEC were isolated in our laboratory as previously described (Vinci et al., 2004) from human umbilical cords. Umbilical cords were collected after delivery, from full-term normal pregnancies at the Obstetrics and Gynaecological Unit of Padua University Hospital. The donors gave their informed consent, and the collected cords were non-identifiable. The procedure was approved by the local Ethics Committee (Comitato Etico per la Sperimentazione Clinica della Provincia di Padova). Each HUVEC preparation was derived from at least three donors and were pooled after isolation. Cells were grown at 37°C under 5% CO 2 in medium M199 supplemented with 15% FBS, 100 μg·mL À1 endothelial cell growth supplement
heparin, 2 mM L-glutamine, 100 U·mL À1 penicillin-G and 100 μg·mL À1 streptomycin.
HUVECs were used from passages 2 to 6. in a six-well plates) were treated with digoxin (1-100 nM) for 24 h. At the end of the treatment, flow cytometry analysis of annexin V-FITC and propidium iodide (PI) were performed as previously described (Trenti et al., 2014) using FC500 (Beckman Coulter, Brea, CA, USA). Bivariate analysis of FL1 and FL3, as well as forward scatter and side scatter (morphology parameters), were performed to discriminate live cells (annexin V-FITC-, PIÀ) from cells undergoing programmed cell death (annexin V-FITC+, PIÀ and annexin V-FITC+, PI+). For each sample, 10 000 events were collected. Data acquisition and analysis were done using the CXP Analysis software (Beckman Coulter).
Chemotaxis assay
Chemotaxis experiments were performed in a 48-well microchemotaxis chamber (Neuro Probe, Gaithersburg, MD, USA) using 8 μm polyvinylpyrrolidone-free polycarbonate filters coated with 10 μg·mL À1 of collagen (rat tail, Roche, Basel, Switzerland 
Wound healing assay
HUVEC (10 5 cells) were seeded in complete culture medium on 24-well culture plate and allowed to reach confluence. One scratch was made, and the media was replaced with fresh complete medium containing or not digitoxin (0.1-25 nM). Three images of each well were captured at 40× with a phase contrast inverted microscope (Nikon Eclipse Ti) equipped with a digital camera, immediately after the scratch was made (time 0) and after 16 h of incubation. The wound spaces were measured from nine random fields of view using ImageJ software. Quantitative analysis of cell migration was performed using the average wound space from those random fields of view. The percentage of change in the wound space was calculated using the following formula:
%change ¼ average space at t0 À average space at t16 ð Þ ½ ÷average space at t0Â100
Values were expressed as % change from control cells. Corning, NY, USA) in 24-well plates. The cells were incubated at 37°C for 8 h in complete cell culture medium with or without digitoxin (1-25 nM). Three images per well were captured at 40× with a phase contrast inverted microscope (Nikon Eclipse Ti) equipped with a digital camera. Images were analysed using Angiogenesis Analyzer, a plugin developed for the ImageJ software (Carpentier et al., 2012) . Data on dimensional parameters (total tubule length) and topological parameters (number of junctions and meshes and total mesh area) of the capillary-like network (Guidolin et al., 2004) were analysed in all the images obtained from control and treated wells. Data are expressed as absolute values.
In vivo angiogenesis (Kilkenny et al., 2010; McGrath and Lilley, 2015) . During in vivo experiments, animals in all experimental groups were examined daily for a decrease in physical activity and other signs of disease or drug toxicity. Six to eight-week-old female NOD/SCID-γ À/À (NSG) mice were purchased from Charles River Laboratories (Wilmington, MA, USA) and housed in our specific pathogen-free animal facility in Allentown IVC cages (floor area 542 cm 2 ) with a maximum of six mice per cage. All mice received water and food ad libitum and were kept under a 12 h light/dark cycle in a well-ventilated room at an approximate temperature of 22°C. Mice acclimatized for a minimum of 7 days and a maximum of 15 days before being randomly assigned to treatment or vehicle groups.
The Matrigel sponge model of in vivo angiogenesis introduced by Passaniti et al. (1992) and Albini et al. (1994) was used. For angiogenesis to be induced, NSG mice were randomly divided into two groups of five animals each and injected s.c. into both flanks with 400 μL Matrigel supplemented with 500 ng bFGF and IGROV-1 tumour cells (5 × 10 5 cells per injection), along with either digitoxin (25 nM) or vehicle (DMSO). Seven days after injection, mice were anaesthetized with isoflurane/oxygen and killed via cervical dislocation, and Matrigel pellets (two pellets per mouse) were collected.
Evaluation of MVD. Four-μm-thick frozen sections of Matrigel pellets were processed for immunohistochemistry as previously reported (Nardo et al., 2011) . Microvessels were stained by rat anti-CD31 mAb (1:50 dilution; Becton Dickinson, East Rutherford, NJ, USA); immunostaining was performed using the avidin-biotin-peroxidase complex technique and 3-3 0 diaminobenzidine as chromogen (Vector Laboratories, Burlingame, CA, USA), and the sections were then lightly counterstained with Mayer's haematoxylin. Parallel negative controls, obtained by replacing primary Abs with PBS, were run. Microvessel density (MVD) was quantified both by screening the CD31-stained sections for the areas of highest vascularity and by calculating the area of the sample containing microvessels as percentage of the total sample area. The number of fields analysed varied between 5 and 10 per sample, depending on the sample size. Images were collected at a total magnification of ×200. For each animal, the mean value of replicates was used for statistical analysis; five animals per group were analysed.
Western blotting analysis
Cells (3 × 10 5 cells per well in six-well plates) were seeded in complete culture medium. After reaching confluence, the medium was replaced with M199 supplemented with 1% FBS and 100 UI·mL À1 heparin for 16 h. Then the cells were treated with digitoxin as indicated in the Results section and lysed with 100 μL lysis buffer (PBS containing 1% Triton X-100, Sigma inhibitor cocktail 1X, NaF 1.25 mM, Na 4 P 2 0 7 1 mM, Na-orthovanadate 2 mM). After centrifugation at 10 000× g for 15 min, supernatants were collected for SDS-PAGE and western blotting. 
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Results are presented as mean ± SEM. For in vitro studies, collected data were analysed by a blinded investigator; statistical analysis are from at least five independent experiments, performed with different HUVEC preparations. Graphs and statistical analysis were performed using GraphPad Prism version 5.0 for Windows (GraphPad Software Inc, San Diego, CA, USA). The differences between control and experimental groups were analysed by ANOVA followed by post hoc test as detailed in the figure legends; post hoc tests were run only for data where F achieved P < 0.05 and there was no significant variance inhomogeneity. For in vivo studies, collected data were analysed by two different blinded investigators; the differences between control and experimental groups were analysed by Student's t-test (for normally distributed data: analysis of percentage of vascularized area) or the non-parametric test Mann-Whitney Wilcoxon test (for non-normally distributed data: analysis of MVD), as detailed in figure legends, using SigmaPlot (Systat Software Inc, London, UK). Differences were considered statistically significant at P < 0.05.
Materials
Cell culture reagents, FBS and ECGS, for HUVEC culture were from Sigma-Aldrich (St. Louis, MO, USA). Ouabain, digoxin, digitoxin, crystal violet and PI were also supplied by SigmaAldrich. VEGF-A, bFGF and EGF were from ImmunoTools (Friesoythe, Germany). Annexin V-FITC was from Immunotech (Beckman Coulter, Brea, CA, USA). Matrigel ™ was purchased from Corning Corp. Digitoxin and digoxin were dissolved in DMSO, whereas ouabain was dissolved in
Anti-angiogenic effect of digitoxin BJP water. Growth factors were dissolved following manufacturer's instructions.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b) .
Results
Clinically used cardiac glycosides differently affect HUVEC viability and proliferation
We first examined the effect of digitoxin, ouabain and digoxin on HUVEC proliferation and viability. Drug chemical structures ( Figure 1A) show the common molecular motif, a steroid nucleus containing an unsaturated lactone at the C17 position and one (ouabain) or three (digitoxin, digoxin) glycosidic residues at C3. Ouabain is the most hydrophilic compound, while digitoxin is the most lipophilic and differs from digoxin only by the absence of a hydroxyl group at C12. In exponentially growing HUVEC, digitoxin and ouabain (1-100 nM) did not affect cell proliferation and viability, determined by crystal violet assay ( Figure 1B) . Unexpectedly, at the same concentrations, digoxin decreased dye uptake and induced cell death (observed under the microscope). Flow-cytometric analysis of annexin V/PI binding in HUVEC confirmed induction of cell death by digoxin in a concentration-dependent manner ( Figure 1C ). As previously demonstrated for ouabain , we observed that also digitoxin protects HUVEC from apoptosis induced by growth factor deprivation. Figure 1D shows that the addition of digitoxin (or ouabain) was able to counteract the decrease of HUVEC viability caused by incubation with Figure 1 Effect of cardiac glycosides on cell viability and proliferation. (A) Chemical structure of cardiac glycosides tested. (B) HUVEC were plated in 96-well plates and incubated in complete culture medium with digitoxin, ouabain or digoxin (1-100 nM) for 48 h. C, control; cell number was measured by crystal violet assay. Data are expressed as mean ± SEM, of six independent experiments performed in quadruplicate; statistical analysis: *P < 0.05 for cells treated with digoxin (one-way ANOVA, post test for linear trend). (C) HUVEC were plated in six-well plates and incubated in complete culture medium with digoxin (0-100 nM) for 24 h, then flow cytometry analysis of annexin V and PI binding was performed as described in the Methods section. Data on graph indicate % of annexin V positive cells (both PI+ and PIÀ) and are expressed as mean ± SEM (n = 5). * P < 0.05,significantly different from control cells; one-way ANOVA, with Dunnett's test. (D) HUVEC were plated in 96-well plates and incubated in medium containing 1% FBS with digitoxin (0-100 nM) or ouabain (100 nM) 48 h, ATP content was measured and is shown as % ATP content in control cells (cells incubated in complete culture medium). Data are expressed as mean ± SEM, of six independent experiments performed in quadruplicate; *P < 0.05, significantly different from 1% FBS-treated cells without digitoxin; one-way ANOVA, with Dunnett's test. 
Cardiac glycosides inhibit HUVEC migration
Chemotaxis assays are useful to measure HUVEC migration in response to an attractant gradient, an essential step in tumour angiogenesis. Therefore, we investigated the effect of ouabain and digitoxin on HUVEC migration, through a microchemotaxis chamber, using several different chemoattractant stimuli, added to the cell culture medium: VEGF (10 ng·mL À1 ), bFGF (10 ng·mL À1 ), EGF (10 ng·mL À1 ) and 15% FBS plus 100 μg·mL À1 ECGS (a brain bovine extract containing a mixture of growth factors). We did not test the effect of digoxin on HUVEC chemotaxis due to its cytotoxic effect. Figure 2 shows that digitoxin and ouabain inhibited HUVEC migration in a concentration-dependent manner. Interestingly, inhibition of migration was observed in response to all the stimuli tested, indicating that cardiac glycosides do not interfere with the binding of a specific growth factor to its receptor. Subsequent to this first screening, we chose digitoxin for further studies, as it was active on HUVEC chemotaxis at concentrations within the therapeutic plasma levels for congestive heart failure, established at 10-40 nM (Belz et al., 2001) . We tested the effect of digitoxin on HUVEC collective bidimensional migration (not stimulated by soluble chemoattractants) through the wound healing assay and found a slight reduction of wound closure, after overnight incubation, in digitoxin-treated respect to control cells (Figure 3 ). Considering that digitoxin did not affect HUVEC proliferation (as shown in Figure 1B) , we assume that the inhibition of wound closure by digitoxin is due to an effect on HUVEC migration.
Digitoxin inhibits capillary tube-like formation
We then analysed the effect of digitoxin on tubularization, the process of organization of endothelial cells in capillary tube-like structures when cultured onto extracellular matrix proteins. As shown in Figure 4 , digitoxin (1-25 nM) inhibited tubularization of HUVEC seeded onto Matrigel and incubated in cell culture medium containing pro-angiogenic factors (FBS plus ECGS). The inhibitory effect was observable already at 1 nM. These results clearly indicate that digitoxin has an in vitro anti-angiogenic effect at concentrations that are within, and even below, the therapeutic plasma concentration range of digitoxin.
Digitoxin inhibits angiogenesis in vivo
To confirm in vitro data, we tested the effect of digitoxin (25 nM) on in vivo angiogenesis using the Matrigel sponge model enriched with IGROV-1 ovarian cells, which were known from our previous in vivo studies to induce angiogenesis and increase sample consistency at the time of Matrigel sponge recovery (Nardo et al., 2011) . IGROV-1 cells were chosen to avoid misleading results due to potential cytotoxic effects of digitoxin on cancer cells. Indeed, in vitro tests of cell viability, showed a higher resistance of IGROV-1 to digitoxin compared to OC316 ovarian cancer cells (see Supporting Information).
Assessment of angiogenesis was achieved by scoring regions of Matrigel pellet sections for vascular density, as described in the Methods section. We previously demonstrated that the anti-apoptotic effect of ouabain in HUVEC was dependent on PI3K and ERK activation . In agreement with our findings, digitoxin (10 nM) caused a rapid and persistent increase of Src kinase, ERK1/2 and Akt phosphorylation in HUVEC incubated with low serum medium without
Figure 3
Effect of digitoxin on HUVEC migration determined by the wound healing assay. HUVEC were plated in 24-well plates; the assay was performed in confluent cells as described in the Methods section. Wound closure was measured after 16 h incubation in complete culture medium in the presence or absence of digitoxin (0.1-25 nM). For each well, three micrograph images were taken at t0 (immediately after wounding) and t16 (after 16 h incubation); wound closure was then calculated. The figure shows representative images of an experiment (scale bar 100 μm). Data on graph are the mean ± SEM of three independent experiments. 
Digitoxin inhibits growth factor-induced FAK activation
Studies performed in cultured cells and in knockout mouse models showed the critical role of FAK in angiogenesis during embryonic development and cancer progression (Polte et al., 1994; Ilić et al., 1995; Haskell et al., 2003; Tavora et al., 2010) . FAK is a non-receptor tyrosine kinase, which integrates signals from both extracellular matrix and growth factors to promote cell migration (Sieg et al., 2000) . In particular, cell adhesion to extracellular matrix induces integrin clustering causing FAK autophosphorylation at Tyr 397 , which is a binding site for other signalling proteins such as Src family kinases. Src binding results in its conformational activation and subsequent FAK phosphorylation in the kinase domain activation loop at Tyr 567 and Tyr 577 . FAK phosphorylation at Tyr 567/577 promotes its maximal catalytic activation (Mitra et al., 2005; Zhao and Guan, 2011) . Considering the significance of Src-mediated FAK activation in angiogenesis, we explored the effect of digitoxin on Src and FAK phosphorylation in HUVEC using VEGF as proangiogenic stimulus. In Figure 7 is shown that, in our experimental conditions (subconfluent HUVEC cultured on gelatin-coated dishes) VEGF (10 ng·mL À1 ) increased Src activation (Figure 7) . Similarly, digitoxin inhibited FAK phosphorylation at the catalytic domain induced by bFGF and EGF (Figure 8) , thus confirming the ability of digitoxin to affect the actions of several different pro-angiogenic factors.
Discussion and conclusions
Cardiac glycosides have been used for more than 200 years for the treatment of congestive heart failure and cardiac arrhythmias. Digoxin and digitoxin are still used worldwide but, due to the shorter t 1/2 , prescription of digoxin is prevalent over digitoxin. More recently, the potential use of cardiac glycosides as anticancer drugs, alone or in combination with traditional chemotherapy, has emerged from preclinical studies (including drug repositioning screenings) and some clinical studies, both retrospective and prospective (Stenkvist et al., 1982; Stenkvist, 1999; Haux et al., 2001; Platz et al., 2011; Menger et al., 2013) . The anticancer effect of clinically used cardiac glycosides has been mostly related to their ability to specifically block cancer cell proliferation or induce cell death ( Cerella et al., 2013) . In this context, it is of interest to determine the effect of cardiac glycosides on tumour angiogenesis. The main finding of our study is that digitoxin has a potent anti-angiogenic effect, demonstrated in vitro on migration and tubularization of human endothelial cells and which was further supported by an in vivo model of tumour vessel growth. Notably, the anti-angiogenic effect was observed at concentrations within (and even below) the therapeutic plasma concentration range of digitoxin, which is 10-40 nM (Belz et al., 2001) . This is an important issue considering the low therapeutic index of cardiac glycosides. In fact, in almost all in vitro studies, the anticancer effects of the most widely used glycoside, digoxin, have been shown at concentrations 5-50-times the therapeutic plasma concentrations (about 2 nM), not achievable with standard therapeutic regimens because of the risk of life-threatening cardiac arrhythmias (Kometiani et al., 2005; Zhang et al., 2008; Platz et al., 2011; Lu et al., 2014; Shim and Liu, 2014) . To our knowledge, this is the first evidence of an antiangiogenic activity of digitoxin. Moreover, we found that digoxin induced apoptosis in HUVEC at 10-100 nM, concentrations in which both digitoxin and ouabain did not affect cell viability and proliferation. Our observation is in agreement with previous data from Qiu et al. (2008) who demonstrated caspase-3 activation and apoptosis in HUVEC treated with digoxin at concentrations ≥40 nM. It is interesting that digitoxin and digoxin, which differ only by a hydroxyl group at C12, have opposite effects on HUVEC viability. Understanding the basis of the different effects of digitoxin, digoxin and ouabain on HUVEC viability is beyond the objective of the present study but it is worthy of further investigation. We hypothesize that the ability of the three glycosides to differently affect HUVEC survival and death is not correlated to inhibition of Na + /K + -ATPase activity. In fact, Paula et al. (2005) determined the relative binding affinities (RBA) and inhibitory potencies (RIP) of 37 cardiac glycosides, relative to those of ouabain, and found that the RBA and RIP of digoxin were 2.13 and 2.06, respectively (lower binding affinity and inhibition than ouabain) while binding affinity and inhibition potency of digitoxin were higher than ouabain (RBA 0.5 and RIP 0.6). Digitoxin and ouabain blocked HUVEC migration towards different growth factors: VEGF, bFGF, EGF, FBS plus ECGS. Inhibition of cell migration by several cardiac glycosides (ouabain, arenobufagin, bufalin, the cardenolide analogue UNBS1450) has been demonstrated in other cell types, in particular cancer cells, indicating that it might be a common biological effect of this class of drugs (Mijatovic et al., 2007; Li et al., 2012; Chueh et al., 2014; Magpusao et al., 2015) . Interfering with cell migration in the tumour context affects several key processes for cancer development and progression such as angiogenesis, recruitment of inflammatory cells, tumour cells invasion and metastasis. Therefore, inhibition of cell migration could explain, at least in part, the anticancer effect of cardiac glycosides.
Diamandis
Previous studies have demonstrated that, besides its pumping function, Na + /K + -ATPases may act as a signal transducer, affecting the activity of several kinases. A nonpumping pool of Na + /K + -ATPase (localized in caveolae)
establishes interactions with the cytoskeleton and with intracellular signalling proteins, such as Src, PI3K and phospholipase C, which are stimulated upon binding of cardiac glycosides to Na + /K + -ATPases (Pierre and Xie, 2006; Schoner and Scheiner-Bobis, 2007; Silva and Soares-da-Silva, 2012 (Schoner and Scheiner-Bobis, 2007) . In this study, we show that digitoxin increased Src, ERK1/2 and Akt phosphorylation, in line with the hypothesis of the signalosome
Figure 6
Signalling pathways activated by digitoxin in HUVEC. Cells were grown in six-well plates and, after reaching confluence, were incubated overnight in culture medium containing 1% FBS. Then cells were stimulated with digitoxin (10 nM) for the time indicated. Cell lysates were analysed by Western blotting. Representative blots of an experiment showing the expression of phosphorylated and total Src, phosphorylated and total ERK1/2, phosphorylated and total Akt; GAPDH expression was used as loading control. Below each blot of phosphorylated proteins is shown the densitometric analysis of the bands, normalized to GAPDH levels, expressed as % of control (mean ± SEM from three independent experiments).
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activation by this glycoside in HUVEC. Compatible with the role of Akt in promoting cell survival, we demonstrated that digitoxin protected HUVEC against growth factor deprivation. Although we did not explore the mechanism of the antiapoptotic effect of digitoxin, this is likely related to the activation of Akt, as previously demonstrated for ouabain . In addition to stimulating antiapoptotic pathways, digitoxin inhibited the activation of FAK, a key signalling protein involved in cell migration and angiogenesis, which is in agreement with the observed reduction of cell migration and tubularization without affecting HUVEC viability, induced by the glycoside. FAK is a non-receptor tyrosine kinase, located at sites of integrin clustering (focal adhesions) where it contributes to focal adhesion scaffolding and transmission of adhesion-dependent and growth factordependent intracellular signals to promote cell migration (Sieg et al., 2000; McLean et al., 2005) . The mutual activation of FAK and Src family tyrosine kinases is an essential step in this process (Hanks et al., 2003) . Among the Src-specific sites, phosphorylation of FAK on Tyr 567/577 (within the kinase domain activation loop) is necessary for maximal FAK catalytic activity (Zhao and Guan, 2011; Mitra et al., 2005) . Src family kinases are also stimulated by several different growth factors and are required for VEGF-and bFGFmediated angiogenesis (Klint et al., 1999; Eliceiri et al., 2002) . Our study shows that digitoxin treatment of HUVEC did not affect either FAK autophosphorylation at Tyr 397 (a binding site for Src kinase) or Src phosphorylation by VEGF, bFGF and EGF; suggesting that the glycoside does not interfere with integrin clustering and Src activation by growth factors. However, digitoxin caused a significant reduction of growth factor-induced phosphorylation of FAK at Tyr 567/577 , thus preventing FAK maximal catalytic activity, which is compatible with the observed inhibition of cell migration and tubularization. It is intriguing that digitoxin treatment inhibited FAK Tyr 567/577 phosphorylation, even though Src activation was not affected. We cannot exclude the possibility that digitoxin affects cell migration and angiogenesis acting on other proteins, such as the Rho family of GTPases, which in turn could influence FAK activity and cytoskeleton remodelling (Lamalice et al., 2007) . How the inhibitory signal to FAK is transmitted and whether switching on the Na + /K + -ATPase
Figure 7
Effect of digitoxin on Src and FAK activation by VEGF. HUVEC were grown in six-well plates and, after reaching confluence, were incubated overnight in culture medium containing 1% FBS. Cells were then treated in the absence or presence of digitoxin (10 nM) for 60 min and subsequently stimulated with 10 ng·mL À1 VEGF for the time indicated in the presence or absence of digitoxin. Cell lysates were analysed by Western blotting.
Representative blots showing the expression of p-Src (Tyr 416 ), total Src, p-FAK (Tyr 397 ), p-FAK (Tyr 576/577 ) and total FAK; GAPDH expression was used as loading control. Below is shown the densitometric analysis of the bands, normalized to GAPDH levels, expressed as % of untreated cells (mean ± SEM; n = 5). *P < 0.05, significantly different from VEGF control at each time point; one-way ANOVA, with Dunnett's test.
signalosome is essential for the anti-angiogenic effect of digitoxin remain to be elucidated. It is worth noting that the effect of digitoxin on both FAK activation and cell migration were observed in the presence of several different growth factors, as well as complete culture medium containing FBS plus ECGS. The ability of digitoxin to hinder a signalling protein downstream multiple angiogenic stimuli is particularly relevant as, in the tumour micro-environment, several proangiogenic factors are produced that may account for cancer resistance to anti-angiogenic therapy. In fact, in the last years anti-angiogenic therapy has proceeded from singletarget drugs, such as bevacizumab (the monoclonal antibody against VEGF), to drugs able to inhibit the signalling of several growth factor receptors (receptor tyrosine kinase inhibitors such as sunitinib). Therefore, broad-spectrum molecules like digitoxin, which interfere with signalling proteins including FAK, might be the best strategy to target tumour angiogenesis (Weis and Cheresh, 2011; LimaverdeSousa et al., 2014) . Being an important regulator of cell migration and angiogenesis, FAK represents an important target for anticancer therapy. Indeed, FAK inhibitors have been recently developed and evaluated in both preclinical studies and human clinical trials (Zhao and Guan, 2011; Sulzmaier et al., 2014) .
In conclusion, our results demonstrate for the first time that digitoxin inhibits in vitro and in vivo angiogenesis as well as FAK activation by several different pro-angiogenic stimuli, suggesting the potential use of digitoxin as a broad-spectrum anti-angiogenic drug. The fact that the anti-angiogenic activity is observed at concentrations within the plasma therapeutic range, makes digitoxin a good candidate for repositioning as anticancer drug (alone or in combination with traditional chemotherapy) or for the use of digitoxin in other diseases where pathological angiogenesis is involved, such as age-related macular degeneration and psoriasis.
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